Endosperm development in Zea mays is characterized by a period of intense mitotic activity followed by a period in which mitosis is essentially eliminated and the cell cycle becomes one of alternating S and G phases, leading to endoreduplication of the nuclear DNA. The endosperm represents a significant contribution to the grain yield of maize; thus, methods that facilitate the study of cellular kinetics may be useful in discerning cellular and molecular components of grain yield. Two mathematical models have been developed to describe the kinetics of endosperm growth. The first describes the kinetics of mitosis during endosperm development; the second describes the kinetics of DNA endoreduplication during endosperm development. The mitotic model is a modification of standard growth curves. The endoreduplication model is composed of six differential equations that represent the progression of nuclei from one DNA content to another during the endoreduplication process. Total nuclei number per endosperm and the number of 3C, 6C, 12C, 24C, 48C, and 96C nuclei per endosperm (C is the haploid DNA content per nucleus) for inbred W64A from 8 to 18 days after pollination were determined by flow cytometry. The results indicate that the change in number of nuclei expressed as a function of the number of days after pollination is the same from one yearly crop to another. These data were used in the model to determine the endosperm growth rate, the maximum nuclei number per endosperm, and transition rates from one C value to the next higher C value. The kinetics of endosperm development are reasonably well represented by the models. Thus, the models provide a means to quantify the complex pattern of endosperm development.
ABSTRACT
Endosperm development in Zea mays is characterized by a period of intense mitotic activity followed by a period in which mitosis is essentially eliminated and the cell cycle becomes one of alternating S and G phases, leading to endoreduplication of the nuclear DNA. The endosperm represents a significant contribution to the grain yield of maize; thus, methods that facilitate the study of cellular kinetics may be useful in discerning cellular and molecular components of grain yield. Two mathematical models have been developed to describe the kinetics of endosperm growth. The first describes the kinetics of mitosis during endosperm development; the second describes the kinetics of DNA endoreduplication during endosperm development. The mitotic model is a modification of standard growth curves. The endoreduplication model is composed of six differential equations that represent the progression of nuclei from one DNA content to another during the endoreduplication process. Total nuclei number per endosperm and the number of 3C, 6C, 12C, 24C, 48C, and 96C nuclei per endosperm (C is the haploid DNA content per nucleus) for inbred W64A from 8 to 18 days after pollination were determined by flow cytometry. The results indicate that the change in number of nuclei expressed as a function of the number of days after pollination is the same from one yearly crop to another. These data were used in the model to determine the endosperm growth rate, the maximum nuclei number per endosperm, and transition rates from one C value to the next higher C value. The kinetics of endosperm development are reasonably well represented by the models. Thus, the models provide a means to quantify the complex pattern of endosperm development.
Changes in mitosis and DNA content appear to be fundamental events in normal endosperm development in Zea mays (maize) (1, 2) . Maize is a major source of food and feed throughout the world. The endosperm makes up '80% of the mature kernel weight. Elucidating the cellular and molecular events that contribute to normal endosperm development may provide a better understanding of the components of grain yield and afford the possibility to manipulate these components to alter grain yield.
Maize endosperm begins as a triploid tissue resulting from the union of two polar nuclei and one sperm nucleus. After fertilization, endosperm growth is the result of increases in both cell number and cell size. For the first 4 days after pollination (DAP), the endosperm nuclei divide synchronously without cell wall formation. At 4 DAP, cell walls are laid down, and the tissue changes from a multinucleate, single cell to a uninucleate, multicellular morphology. From this time forward, the nuclear divisions are asynchronous. The mitotic index peaks between 8 and 10 DAP and then plummets (3) . As
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the mitotic index decreases, the average DNA content per nucleus increases sharply. This increase can reach levels of 384C in some individual nuclei, where C is the haploid DNA content per nucleus (1) . These changes in DNA content per nucleus are also asynchronous. Thus, nuclei in adjacent cells may have radically different DNA contents. Endoreduplication of the nuclear DNA accounts for the tremendous increases observed (2, 4) . The process of endoreduplication consists of alternating S and G phases, resulting in polytenization of the chromosomes. Flow cytometry has shown that the entire genome replicates during each S phase (2) . Temporal aspects of the processes involved in mitosis and DNA endoreduplication in maize have only been described qualitatively. A mathematical model describing the dynamics of these processes could be used to conduct a more quantitative assessment of the kinetics of cell growth and DNA endoreduplication. The goal of this study was to develop mathematical models that describe the dynamics of mitosis and DNA endoreduplication during maize endosperm development.
MATERIALS AND METHODS
Field Experiments. Maize inbred line W64A was planted in 1990 and 1991 at the University of Minnesota, St. Paul. All ears for each year were bulk-pollinated on the same day with pollen from W64A plants. Kernel samples were collected each day from 5 to 22 DAP from the middle third of the ear. Samples were placed in 95% ethanol/propionic acid, 3:1 (vol/vol) fixative overnight and then transferred to 70% ethanol and stored at -20°C until analysis.
Endosperm Nuclei Preparations. Maize endosperm nuclei were fixed and isolated according to the procedure developed by Kowles and Phillips (1) . Chicken red blood cells were included as an internal standard in this study to facilitate calculation of the number of nuclei present. Each preparation of endosperm nuclei was composed of all the nuclei from a single kernel. Chicken red blood cells were prepared and added to samples according to described procedures (5 the flow cytometer, a sample of maize embryo nuclei was measured first to determine the position of the 3C channel number. The chicken red blood cells were visually separated from the endosperm nuclei in the histograms generated from the flow cytometry measurements (Fig. 1) , and the channel numbers corresponding to the 2C and 4C peaks were determined. The 4C peak was the result of two 2C nuclei sticking together. Since the amount of chicken red blood cells added to each sample was known, the total nuclei number per endosperm and the numbers of 3C, 6C, 12C, 24C, 48C, and 96C nuclei per endosperm were calculated as the ratio of the number of chicken red blood cells to endosperm nuclei in the sample multiplied by the concentration of chicken red blood cells.
Parameter Estimation. Models were constructed to monitor the following parameters: (i) the rate of change of total nuclei number per endosperm, or growth rate constant (k), (ii) the maximum nuclei number per endosperm (Nmax), (iii) the rate of progression of nuclei (transition rate) from 3C to 6C (ri),
to 48C (r4), and (vii) from 48C to 96C (r5). Fig. 2 [1] where k = growth rate constant, N = total nuclei number per endosperm, Nmn) = maximum nuclei number per endosperm, and t = DAP.
Growth is defined as the increase in the total nuclei number over time. Since maize endosperm is a uninucleate, cellularized tissue during the time period in which the experiment was conducted (6) Fig. 3 .
The growth model indicates that the increase of the total nuclei number in maize endosperm is close to the exponential from 8 to 14 DAP and slows down afterwards to a stationary phase. A quantitative characterization of growth is given by the k and Nm.. reached in the stationary phase. These data agree well with previous work, which indicated that mitotic activity in maize endosperm decreases to almost zero when DNA endoreduplication peaks (3). Mitotic index values for inbred W64A have been shown to peak at 8 DAP; thereafter, mitotic activity declines in a nearly exponential manner until 14 DAP (5) . Moreover, the data (Fig. 3) (Fig. 1) . The peaks indicated as 3C, 6G, be correct when the morphology of endosperm development AG, 48C, and 96C (Fig. 1) represent dN3c/dt = 2kN(1 -N/Nma) -riN3C [2] At 4 DAP an increase in total cell number occurs as the nuclei are each compartmentalized into single cells. TheredN6c/dt = -r2N6c + r1N3c -kN(l -N/Nmax) [3] after, increases in cell number are the predominant factor in dN12C'dt = -r3N12c + r2N6C [4] endosperm growth until the endoreduplication process begins. Given this type of developmental profile, it is highly dN24C/dt = -r4N24c + r3N12C [5] unlikely that the first set of initial conditions would prove satisfactory owing to the increase in cell number after 4 dN48C/dt = -rsN48c + r4N24C [6] DAP.
Estimates of transition rates were important to obtain an dN96c/dt = r5N48C [7] appropriate model. To further investigate how the transition rates might vary in maize endosperm, five different transition rates (ri-r5) were determined by least-squares estimation from the experimental data using Eqs. [2] [3] [4] [5] [6] [7] . These five transition rates were then used in the model equations to simulate the changes in nuclei number at each C level over time. When this simulation was tested against the experimental data, the simulation did not fit the data well, suggesting the model required further refinement.
An underlying assumption of the model thus far was that a given transition rate, r3, for example, is constant over developmental time. Therefore, one potential explanation for the discrepancy between the simulated and experimental data is that the transition rates do not remain constant over time. To address this issue, the experimental data set was divided into two subsets-for 8-13 DAP and for 14-18 DAP. Once again, values for r1-r5 were calculated independently for the two time periods by least-squares estimation using the experimentally obtained nuclei numbers in Eqs. 2-7. The corresponding transition rates for the two time intervals were different (Table   1) , particularly for the lower C levels. These results indicate that rl-r5 estimates change, consistent with the observed developmental changes in maize endosperm. Phillips et al. (1) showed that the mitotic activity predominates prior to 12-14 DAP, whereas endoreduplication predominates after 14 DAP in endosperm from inbred A188. This suggests that the rate of change in the 3C and 6C nuclei numbers should slow over developmental time as the mitotic activity decreases in the endosperm. In addition, when the mitotic activity ceases, the pool of nuclei that participate in endoreduplication is effectively fixed in size. Therefore, the progression of nuclei to higher C values will deplete the 6C and subsequently the 12C nuclei populations. (Fig. 4 B-F) . The simulation for the 3C nuclei population fit less well (Fig. 4A) . Several important trends are documented regarding the transition rates in Tables 2 and 3 (Table 2 ). It is apparent that endoreduplication occurred later in 1991 than in 1990 as demonstrated by the 0 value of r4 at 8-10 DAP, which indicates that no 48C nuclei were present at this time. These differences may be explained by differences in temperature between the two seasons. Data from Schweizer (5) indicate that the temperature differential between 1990 and 1991 had a highly significant effect on the number of nuclei present at each C level for a given time period. The heat units at 13 DAP in 1990 are approximately equal to the heat units at 16 DAP in 1991. This temperature effect also accounts for the type of change in r3 over time. In 1990, this transition rate increased until the 12-14 DAP period and then decreased. The delay in the onset of endoreduplication in 1991 allowed the total nuclei population to continue to increase until a later time and, thus, provided a dynamic reserve from which endoreduplicating nuclei could be drawn.
The lack of fit of the model for the nuclei corresponding to the 3C DNA content could be the result of a number of factors. Perhaps metaphase nuclei are lost when the nuclei preparations are made because they lack a nuclear membrane. In addition, the nuclei undergoing mitosis are distributed mainly in the peripheral regions of the maize endosperm. This makes them more likely than nuclei of other C values to be lost during the dissection process. Finally, when mitosis is occurring at a high rate, the distinction between the 3C and 6C peaks on the histograms is less pronounced due to the large number of nuclei that are synthesizing DNA at a given time. This could lead to over-or underestimating the absolute number of nuclei in these populations. Pulse-chase labeling experiments could be used to correct for the latter possibility. The growth model and the endoreduplication models developed in this study show good fit to data collected from field-grown maize endosperm when evaluated using (i) shortened time intervals to obtain the corresponding rates of change of nuclei during development and (ii) the average values from the 8 DAP replicates as initial values. An inherent requirement for the accuracy of any model used to study plant development in an agricultural setting is that there be minimal variation among individuals sampled from a given time point. In this case, previous research indicated that DNA content and the distribution of mitotic and endoreduplicating nuclei within an endosperm vary only slightly within the middle third of a given ear (4) . These traits have been demonstrated to be controlled by nuclear genes in the maternal parent-that is, the plant on which the ear is borne (4) . Therefore, the nature of the genetic control of these traits makes them amenable to modeling.
